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Chapter 1  
Introduction 
 
1.1 Overview of UWB Technology 
 
Ultra-wideband (UWB) technology is a candidate for use in short-range wireless systems 
providing connectivity by employing different types of communication links, services, and 
applications [1]-[3]. A generic definition used in the FCC’s First Report and Order [4] defines a 
UWB device as any device emitting signals with a fractional bandwidth greater than 0.2 or a 














where fH and fL are the upper and the lower frequencies at the -10 dB emission point. At the 
physical layer (PHY) level, UWB communication systems operate by spreading smaller amounts 
of average effective isotropic radiation power (EIRP) across a very wide band of frequencies 
relative to the center frequency. The EIRP is always less than 0.56 mW, according to FCC masks. 
This quantity is easily calculated from the imposed power spectral density limit of -41.3 
dBm/MHz between 3.1 GHz and 10.6 GHz. The frequency allocation in Japan was defined by the 
Ministry of Internal Affairs and Communications in March 2006 [5]. Different countries have 
adopted somewhat different UWB spectrum masks, as shown in Fig. 1.1. A bandwidth from 3.1 
to 10.6 GHz, referred to as a full-band UWB, has been approved in the United States (US) and 
Singapore. Most countries and regions including Europe and Japan impose stricter regulation than 
the US: low- and high-band UWB as depicted in Fig. 1.1 The frequency allocation and often the 
conditions differ slightly from country to country. Inherent in these UWB definitions is a high 
temporal resolution that not only allows the design of radio systems with much lower fading 
margins than classical narrowband systems, but also enables precision ranging capabilities 
combined with data transmission. The effects of multipath fading for UWB Systems can be found 





Fig. 1.1.  The UWB spectrum mask. 
 
 
 UWB has been developed as a short-range, ultra-low p er technology with an 
extremely small signal range. It has been claimed that i  has an accuracy of between 100 and 300 
mm, and that this will have broad applications in the automotive and other industries. There are 
rivals in this field including Bluetooth Low Energy and the humble radio frequency identifier 
(RFID). UWB can support higher data rates than these t chnologies – a decade ago, it offered a 
promising solution for a standardization of short-range home media networks or wireless 
universal serial bus (USB) – but many tracking applications requiring micro-location do not need 
high-speed transmission. There is an expectation that UWB technology will be employed for 
wireless personal area network (WPAN) standardization, although WPAN standards have shifted 
toward more conventional approaches like wireless local area networks (WLAN). UWB, however, 
has retained a presence in military and security markets, where its location awareness is prized 
and the issues of cost and standardization are less important. In recent years, sensor applications, 
used, for example, to track assets in warehouses, to analyze the field positions of soccer players, 
or to improve productivity in assembly lines, etc., have been developed by making use of features 
of UWB’s precise positioning. Now the UWB focus is f rmly back on applications which 































low-band UWB high-band UWB 
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802.15.6 standard for wireless body area networks (WBAN) has been published to obtain the 
same range and speed as Bluetooth but with lower power consumption and interference potential. 
 
1.2 Wireless Body Area Networks 
 
It is recognized that the growing global population s also an aging one. This trend, 
coupled with the daily developments in new diagnostic techniques and other advances in medicine, 
will place an increasing demand on medical and healt c re resources. In 2010, there were more 
than 530 million people in the world over the age of 65, a number that will double over the next 
30 years [8]. In the US, about 20% of the population will be over 65 by 2030, compared to 13% 
today [8]. Similarly, about 32% of the Japanese population will be over 65 by 2030, compared to 
23% today [8], as shown in Fig. 1.2. Furthermore, developing nations as well as developed ones 
will become aging societies. 
The rapidly growing population of elderly people will result in an increase of chronic 
diseases and will require more efficient healthcare management. The modern technologies, 
including electronics, mechanics, semi-conductors, and networks, can provide support in different 
ways. Among these technologies, information and communication technology (ICT) has potential 
applications in medical services. As an emerging ICT technology, WBAN has attracted 
significant attention in recent years and is expected to be able to provide distinct solutions in 
supporting medical and healthcare services. WBAN refers to human-self and human-to-human 
networking with the use of wearable and implantable wir less sensors. Skin surface monitors of 
vital signs are now integrated with wireless communications and medical implants with links to 
local base stations are being developed [9], [10]. The human body is an uninviting and often 
hostile environment for a wireless signal. Therefor, performance investigations of antennas and 
propagation models will be of key importance in developing WBAN systems. 
The topic of WBAN can be divided into three domains: 1) communications from the 
body surface to a nearby base station; 2) transmitting and receiving antennas on the body surface; 
and 3) the use of at least one antenna in a medical implant within the body. These three domains 
have been called off-body, on-body, and in-body, respectively. Figure 1.3 describes these WBAN 
domains. The IEEE Standard for local and metropolitan area networks – Part 15.6: Wireless Body 
Area Networks (IEEE Std 802.15.6, 2012) was approved in February 2012. In the IEEE Std. 










Fig. 1.2.  Diagrams illustrating the growth of the section of the population aged over 65 since 1980 in the US, Japan, 
more developed, and less developed, regions with projections to 2040: (a) number of people and (b) as a percentage of 
the population. 
†: More developed regions comprise Europe, North America, Australia/New Zealand and Japan. 
‡: Less developed regions comprise all the regions of Africa, Asia (except Japan), Latin America and the Caribbean 
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Fig. 1.3.  The domains of WBAN; 1) communications from the body surface to a nearby base station; 2) both antennas 
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1.3 Historical Perspective of UWB Radio Propagation 
Envisioned for WBAN 
 
There is an increasing interest in UWB communications for new wireless systems because 
of their low power consumption and anti-multipath capabilities [11]. One of the most promising 
systems utilizing UWB is WBAN. WBAN is of vital importance for new medical applications, 
such as wireless electroencephalography, electrocardi graphy, and electromyography; and other 
instances of health care monitoring [10]. Numerous studies have been carried out on UWB 
propagation characterization and the modeling of indoor UWB communication channels [12]. A 
number of measurements relating to WBAN have also been performed to characterize UWB radio 
propagation. 
Phantoms, which are models simulating various electrical constants of biological tissues, 
are used to evaluate the antenna characteristics of mobile terminals as well as to measure the 
amounts of absorbed electromagnetic energy. Liquid, semi-liquid, and solid electromagnetic 
phantom materials have been developed in high-frequency to super-high-frequency bands in a 
relatively narrow bandwidth [13]-[15] for the assesment of specific absorption rates (SAR) by a 
human body and experimental evaluation of the effect of human bodies on antenna performance 
and propagation. 
 Previously, UWB radio propagation performances around the human body have been 
measured in either a radio anechoic chamber or a specific room type [16]-[27]. Table 1.1 
summarizes these publications. A UWB propagation loss model and channel models have been 
proposed on the basis of these measurement campaigns. 
Several papers have so far investigated the in-body channel characteristics for wireless 
capsule endoscopy [28]-[30]. UWB radio propagation performances through the human chest 
have been characterized by electromagnetic simulation and the channel model has been 
investigated [31], [32]. The performances of UWB transmission in a living animal (pig) have also 












 UWB on-body channel measurements 
 Tx was placed on trunk (front side of body). Rx was placed on either head, chest or arm. 
Twenty-two different on-body scenarios applied in the measurement (e .g. standing still, body 
turned left, body leaned forward). 
 Channel models with respect to large scale and delay analysis have been derived from 
measured parameters.  
[17] 
 UWB on-body radio channel modelling using a sub-band Finite-Difference Time-Domain 
method and a model combining the uniform geometrical theory of diffraction and raytracing. 
 Tx was placed on trunk (front side of body). Rx was placed on either head, chest or arm. 
[18] 





 On-body UWB communication characterization and channel modeling. 
 The body is in a standing position. 
 Tx is placed on the front of the body and Rx is placed at various positions on the torso at 
distances of 10 – 45 cm. 
[20] 
 UWB performance and complexity tradeoffs for RAKE receivers evaluated on body area 
propagation channels. 
[21] 
 On-body propagation statistics and proposes a suitable computer model implementation. 
 Focused on statistics measured due to diffraction ar und the torso and reflection off the 
ground. 
[22] 
 Measured path loss around the torso and arm. 
 Measured amount of energy received due to reflections off the ground and surrounding scatters 




and an indoor 
environment 
[23] 
 Measurements on the front side of the body and measur ments around the upper torso 
 Channel parameters as delay spread and path loss are extracted from the measurements and 
the influence of the body is highlighted. 
 Considers the overall energy consumption of the BAN and gives decision regions for 
singlehop and multihop links in relation to signal processing energy. 
[24] 
 Measurements on the front side of the body and measur ments around the upper torso 
 Return loss and radiation patterns, the transient analysis in free space. 




1.4 Statement of the Problem 
 
Phantoms are used for performance evaluation of antennas mounted in the vicinity of a 
human body and channel assessment when a human body blocks a propagation path. Publications 
on UWB phantoms have been limited to assessments of SAR, and hence there is no phantom with 
which to evaluate the characteristics of UWB radio pr pagation. It is necessary to develop a liquid 
UWB phantom to measure and evaluate the radio propagation characteristics. 
Previous UWB propagation loss models and channels ar  m inly based on measurement 
campaigns in a radio anechoic chamber, and these studie  did not consider the impact of 
surrounding environments. WBAN devices will be surface-mounted on the body in everyday life, 
and the major users of WBAN applications will move through different-sized rooms; from large 
rooms (e.g. a stadium, a museum, and a cathedral) to small rooms (e.g. an elevator, a toilet, and a 
passenger car). The characteristics of multipath components (mainly reflected from floor, ceiling, 
and walls) are highly dependent on the environment. It is necessary to evaluate the variation of 
propagation characteristics in various rooms. 
This thesis is, therefore, mainly focused on the following two themes: 
・ The development of a UWB phantom and the characterization of UWB radio propagation 
for off-body communications. 
・ Measurements and modeling of UWB radio propagation around the human body in five 
different room-sizes. 
 
This research is organized into the following six Chapters. 
 
Chapter 1 provides an outline of UWB technology, WBAN, the historical perspective of UWB 
radio propagation studies for WBAN, and a statement of the problem. 
 
Chapter 2 presents preliminary studies of the UWB radio propagation measurements 
envisioned for WBAN; the development of UWB phantom material and a consideration of 
antenna feeding cable configurations. In WBAN scenarios, a human body often blocks a 
propagation path, and the effects of human bodies on antenna performance and propagation have 
become vital concerns. UWB human electromagnetic phantoms are useful for the performance 
evaluation of antennas installed in the vicinity of a human body. 
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Electrically small antennas were mostly used since the actual wireless devices for 
WBAN applications are battery-powered and compact in WBAN campaigns. Such small antennas 
exhibit a relatively large voltage standing wave ratio (VSWR) and often emit radiation not only 
from the antennas themselves but also from the outer conductors of the feeding coaxial cables. 
The effects of the feeding cable configuration on WBAN propagation were measured and a 
suitable configuration was proposed. 
 
Chapter 3 presents measurements and a characterization of UWB propagation channels between 
a base station and on-/off-body antennas. First, a desktop environment in which a human arm 
blocks the radio propagation was considered. Next, the radio propagation characteristics between 
a base station antenna and an antenna mounted on a human torso were measured and analyzed. 
Arm and torso phantoms were used for these measurements and evaluated in comparison with a 
real human body. 
 
Chapter 4 presents measurements and modeling of UWB propagation losses around the human 
body considering the impact of the volume of the room where WBAN was used. The UWB 
propagation losses were measured in five different-sized rooms. Propagation losses were found 
to decrease with decreasing room volume. A larger number of multipath components impinged 
on the receiving antenna from the nearby floor, walls, and ceiling in smaller rooms. A 
conventional UWB propagation loss model was modifie to include the impact of the room 
volume and the parameters were derived from the data collected in the five rooms. Probability 
distributions for the UWB propagation losses around the human body were also considered. 
 
Chapter 5 describes the statistical modeling of UWB propagation channels around the human 
body in various surrounding environments. Delay profiles were modeled by dividing into two 
domains: in the first time domain (0 < t ≤ 4 ns) there is either a direct (for line-of-sight (LOS)) or 
diffracted (for non-LOS (NLOS)) wave essentially unrelated to room volume, and in the second 
domain ( 4>t ns) there are multipath components that are dominant and dependent on room 
volume. The first domain was modeled with a conventional power decay law model, and the 
second domain with a Saleh-Valenzuela (SV) (statistical) model, based on a cluster concept of 
rays, modified to take account of the room volume. R alizations of the impulse responses are 
presented on the basis of a composite model of the two domains and compared with the measured 




Finally, Chapter 6 summarizes the concluding remarks given in the previous chapters and 
discusses future research topics.  
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Chapter 2  
Preliminary Studies of UWB Radio 
Propagation Measurements for WBAN 
 
2.1 Development of UWB Phantom Material 
 
Liquid, semi-liquid, and solid electromagnetic phantom materials have been developed in 
high-frequency to super-high-frequency bands in a rel tively narrow bandwidth [13]-[15] for the 
assessment of SAR in a human body exposed to electromagnetic waves. The series of narrowband 
commercially-available liquid phantom materials covers a range from 10 MHz to 5.2 GHz [34]. 
A solid UWB electromagnetic phantom material has been developed for the assessment of SAR 
within a bandwidth of between 3 and 6 GHz [35]. In a previous study Kobayashi et al. [36] 
developed a liquid UWB phantom material. These phantom materials simulate the complex 
relative permittivity εεε ′′−′= j&  of human body tissues. Human tissues are electromagnetically 
divided into two categories: high-water-content tissues (skin, muscles, internal organs, and brain) 
and low-water-content tissues (bones and hair). The ε′ and ε″ of high-water-content tissues in the 
microwave frequency band range from 30 to 50 and from 15 to 25, respectively. These values are 
significantly higher than those for common dielectrics, and thus are relatively difficult to realize 
artificially. The liquid phantom materials have been developed to simulate the complex relative 
permittivity of high-water-content tissues. The effects of errors in realizing ε&  of muscle were 
analytically evaluated, by assuming typical shapes for reflecting and scattering objects. 
 
2.1.1 Liquid Phantom Material 
 
Liquid UWB phantom materials simulate the complex rlative permittivity ε&  of high-
water-content tissues (for example, muscle), for which data were given by Gabriel et al. [37]. A 
search was carried out to find the optimal recipe among solutions containing sucrose, sodium 
chloride, and several monohydric and polyhydric alcohols. A mixture of saline water and ethylene 
glycol successfully simulates the electric property of high-water-content tissues at narrowband 
12 
 
UHF [13]. According to [13], ε&  for this recipe was measured with an Agilent 85070D dielectric 
probe kit (an open-ended coaxial probe [38]) at a bandwidth of 2 to 11 GHz, as shown in Fig. 2.1. 
The measured values of ε' and ε" deviated from those for muscle [37], and so this mixture recipe 
was considered unsuitable for UWB. Among the recipes investigated, an aqueous solution of 
sucrose (C12H22O11, 1.0 mol = 3.4 kg) provided the best results within a UWB bandwidth of 3.1 
to 10.6 GHz [36], as shown in Fig. 2.2. Typical measurement accuracy was within 5%. The 
repeatability of the measurement results was typically less than 2%. This material can be easily 












Fig. 2.1.  Complex relative permittivity of muscle and a mixture of saline water (1.0 mol/l) and ethylene glycol: (a) ε' 
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2.1.2 Evaluation of the Liquid Material 
 
The errors in ε' and ε" for the 1.0-mol/l aqueous solution of sucrose were evaluated in 
comparison with those for muscle [37]. The error at f equencies of between 2 and 12 GHz is given 
by 








xe [%], (2.1) 
where y is either ε' or ε" and xi is i-th fi (2 ≤ fi ≤ 12 GHz). The rms errors over a specified bandwidth 













where y is either ε' or ε" , xi is i-th fi (2 ≤ fi ≤ 12 GHz), and N is the number of samples. 
The maximum and rms errors between 2 and 12 GHz were 12% maximal at 2.0 GHz 
and 8.5% rms in ε'; and 28% maximal at 7.0 GHz and 21.5% rms in ε". Although the maximum 
errors were relatively large, the rms errors were found to be tolerably small, considering the 
typical measurement accuracies of around 5%.  
Reflection and scattering from homogeneous dielectric media in typical shapes (an 
infinite plane, a sphere, and an infinite cylinder) were calculated to evaluate the effect of these 
errors on the phantom performances, assuming a plane w ve (either transverse-electric (TE) or 
transverse-magnetic (TM)) incidence. If a spherical w ve and/or near-field incidence is assumed, 
the radiation characteristics and position of the antenna should be specified, and this may reduce 
the generality. Therefore, a simple plane wave incidence was assumed in this evaluation. 
The UWB power reflection coefficient [36] from an ifinite plane is defined by 













& , (2.3) 
where ( )fR ,θ&  is the complex Fresnel reflection coefficient at an incident angle of θ and at a 
frequency of f, and fl and fh are the lowest and highest frequencies. Note that 0 ≤ |RUWB(θ)|2 ≤ 1. 
The effects of typical errors in the complex relative permittivity on the reflection behaviors were 
numerically evaluated [36]. The maximum and rms errors in the UWB reflection coefficients 
were almost negligible when the errors in ε&  were within 30% (see Appendix A). 
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φ , (2.4) 
where ),( fSφ&  is the complex scattering amplitude at a scattering a gle of φ and at a frequency 
of f. The UWB power scattering coefficient S& is normalized by the UWB backscattering power 
(φ = 180°), so that 0 ≤ SUWB(φ) ≤ 1. 
The UWB power reflection coefficients from an infinite planar media having the 
complex permittivities of the liquid material and muscle are shown in Figs. 2.3 (a) and (b). The 
error and the rms error in the reflection coefficients between muscle and phantom were also 
evaluated by Eqs. (2.1) and (2.2), where y is either RUWB, TE or RUWB, TM and x is the incident angle 
θi ( °≤≤° 900 iθ ). Around θ = 82° (Brewster angle), the error in UWB power reflection 
coefficients for TE incidence exceeded 100%, since RUWB, TE(82°) for muscle was very small (< 
4.0 × 10-4), but the rms error over the incident angle θ was 15%. The maximum and rms errors 
for TM incidence were 0.7% at θ = 2° and 0.5% rms. 
The UWB scattering coefficients from a dielectric sphere with a diameter of 200 mm 
and an infinite dielectric cylinder with a diameter of 64 mm are shown in Figs. 2.3 (c), (d) (TE), 
and (e) (TM). The sphere was supposed to represent a human head and the cylinder a human arm. 
The error and the rms error in the scattering coeffici nts from the sphere or the cylinder were 
again evaluated by Eqs. (2.1) and (2.2), where y is either SUWB, sphere or SUWB, cylinder and x is the 
scattering angle φi (0° ≤ φi ≤ 180°). The errors in the UWB scattering coefficients from the sphere 
were 15% maximal at φ = 151° and 6% rms over the scattering angle φ. Similarly, the errors in 
the UWB power scattering coefficients from the cylinder were 0.2% maximal at φ = 17° and 0.6% 
rms for TE incidence; and -4.6% maximal at φ = 139° and 4% rms for TM incidence. The aqueous 













Fig. 2.3.  Evaluation of liquid phantom material (1.0-mol/l aqueous solution of sucrose) in comparison with muscle: 
reflection coefficient from an infinite plane (a) TE and (b) TM; and scattering coefficient from (c) a sphere, (d) a 
cylinder (TE), and (e) a cylinder (TM). 
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Fig. 2.3.  Continued. 
 
 
In addition, the distortion of UWB waveforms reflect d from a planar infinite medium 
[36] and the error performances of an infinite cylinder in ε&  were numerically analyzed, 
assuming the incidence of Gaussian modulated impulse occupied 3.1 to 10.6 GHz, as shown in 
Fig. 2.4. The waveforms were evaluated using different schemes as follows: the incident impulse 
waveform was Fourier-transformed into the frequency domain; next, the scattered wave was 
calculated in the frequency domain by using the complex Fresnel reflection coefficient (for the 
planar medium) or by using a series expansion method [39] (for the cylinder); and then, the 
scattered wave was inverse Fourier-transformed (IFT) into the time domain. The reflected 
waveforms from an infinite plane for plane wave (TE and TM) incidence with 45° are shown in 
Figs. 2.5 (a) and (b). The error and the rms error for the reflected or scattered waveforms were 







































Liquid material (1.0 mol/l) 
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evaluated by Eqs. (2.1) and (2.2), where y is waveform and x is time ti (-0.375 ≤ ti ≤ 0.375 ns). 
The errors were 2.0% maximal at -0.35 ns and 0.9% rms over the time of pulse duration for TE 
incidence, and 3.8% maximal at -0.35 ns and 1.7% rms for TM incidence. The forward scattered 
waveforms for an infinite cylinder (having a diameter of 64 mm) are shown in Figs. 2.5 (c) and 
(d). The errors were 145% maximal at -0.30 ns and 12% rms for TE incidence; and -60% maximal 
at -2.42 ns and 4.2% rms for TM incidence. The correlation coefficients between the reflected 
waveforms from an infinite plane or an infinite cylinder of our material and muscle were greater 
than 0.999, and thus the waveform distortions were also negligibly small. From Figs. 2.5 (a) to 
(d), the solid and broken lines (for muscle and liquid materials, respectively) were almost 
indistinguishable, expect in the case of Fig. 2.5 (c). The effects of typical errors in ε&  on the 
correlation coefficients of waveforms were numerically evaluated. The correlation coefficients 
were greater than 0.995 when the errors in ε&  were within 30% (see Appendix A). The distortions 
of waveforms reflected from distilled water and from physiological saline water were also 
compared. The effects on the waveform distortion caused by difference in ε&  were small in 

























































Fig. 2.5.  Evaluation of liquid phantom material (1.0-mol/l aqueous solution of sucrose) in comparison with muscle: 
reflected wave from an infinite plane: (a) TE wave nd (b) TM wave; forward scattered waveform from a cylinder: (c) 
TE wave and (d) TM wave. 
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Fig. 2.5.  Continued. 
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2.2 Effects of Feeding Cable Configurations on Propagation 
Measurements between Electrically Small Antennas 
 
In on-body scenarios, transmitting and receiving anten as are placed in proximity to 
each other (typically less than 500 mm apart) since WBAN devices are placed on body surfaces. 
The unwanted radiation unavoidably induces unwanted coupling not only between the cables 
feeding the transmitting and receiving antennas, but also between the antenna and the cable(s). 
For the above reasons, there are fluctuations in the measured transfer functions. This coupling 
depends on the geometrical configuration of the cables, but these effects have not been carefully 
taken into account in the previous experiments. The use of microwave over fiber systems (e.g. 
[41]) for transmitting antennas mitigates the problem, but makes it impossible to measure the 
VSWR during operation, and dynamic ranges are also restricted. This section reports the 
experimental results of the effects of cable configurations on short-range UWB propagation 
measurements [42] by using the commonly used meanderline antennas [43]. 
 
2.2.1 Experimental Set-up 
 
The UWB (from 3.1 to 10.6 GHz) frequency- and time-domain path gains were 
measured with a vector network analyzer (VNA) betwen vertically-polarized meanderline 
antennas (Fig. 2.6 [43]) in a 3-m radio anechoic chamber in the absence of a human body. The 
VSWR of the meanderline antenna was less than 2.5 from 3.1 to 10.6 GHz and omnidirectionality 
in the horizontal plane was within 3 dB in free space. The transmitting and receiving antennas 
were attached to a styrofoam columm (almost transparent to microwaves), and separated 
horizontally dh = 100 mm and vertically either dv = 0, 100, or 200 mm apart, as shown in Fig. 2.7. 
In Fig. 2.8, four different set-ups of coaxial cables feeding the transmitting and receiving antennas 
were verified: vertical and vertical (denoted by VV), horizontal and vertical without crossing 
(HV), horizontal and vertical with crossing (HVC), or horizontal and horizontal (HH). The 
feeding cables were flexible and 2 m in length, posses ing polyvinyl chloride, silver plated copper 
braids, low density polytetrafluoroethylene, silver-plated copper, and SMA connectors, as shown 
in Fig. 2.9. When the cable was placed horizontally with the aid of an L-shape adaptor (Fig. 2.10), 













Fig. 2.7.  Experimental set-up. 
  
dh = 100 mm 







Fig. 2.8.  Cable configurations: vertical and vertical (VV), horizontal and vertical without crossing (HV), vertical and 
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2.2.2 Measurement results 
 
Fluctuations in frequency-domain path gain and delay profiles for the different vertical 
distances dv (= 0, 100, and 200 mm) and cable configurations (VV, HV, HVC, and HH) are 
shown in Figs 2.11 and 2.12. The HV and HVC configurations yielded the least and the greatest 
oscillating frequency responses, respectively (with VV and HH in between). As shown in 
Fig. 2.12 (a), (b), and (c), the first waves (marked by *) arrived at the excess delay time of 0.7, 
0.8, and 1.0 ns, respectively, depending on the distance between the transmitting and receiving 
antennas. The HVC configuration resulted in noticeably delayed waves (marked by †) moving 
toward later times with increasing dv, which implies that the coupling in the vicinity of the 
crossing point of the two cables was significant. On the other hand, the HV configuration yielded 
the least coupling between cables. 
Then we calculated the ratios of the power contained  the first waves (the first peak in 
the delay profiles ±0.25 ns) to the total received power (between 0 and 3 ns) from the measured 
delay profiles, as shown in Fig. 2.13. The ratios were within -0.5, -0.2, and -0.9 dB for the VV, 
HV, and HH configurations, respectively, while they decreased significantly (as far as -8 dB) for 
HVC as dv increased. This is because while the power of the first waves (marked by * in Fig. 
2.12) decreased as dv increased, the power of the delayed waves (†) remained unchanged. 
From these results, it was found that the HV configuration yielded the least coupling. 
Hence, we opted for an on-body measurement set-up that adopted the HV cable configuration, as 
shown in Fig. 2.14. 
On the other hand, the low-VSWR monopole antennas [44] (Fig. 2.15) having relatively 
large ground planes showed significantly smaller effects from the cable coupling regardless of 
the cable configurations, as shown in Figs. 2.16 and 2.17. The variation in frequency-domain path 
gain was within 3 dB among the four cable configurations. The ratios were also calculated of the 
power contained in the first waves (for the first peak the delay profiles were ±0.375 ns instead of 
±0.25 ns because the antenna size was larger) to the total received power (between 0 and 3 ns) 
from the delay profiles. The ratios fell within -0.1 dB regardless of the cable configurations. The 
effects of the coupling between the cables and between the antennas and the cables were, therefore, 
negligible in the cases of the low-VSWR antennas. Their large ground planes (= 100 mm in 

































































































Fig. 2.12.  Time-domain path gains between meanderli e antennas: (a) dv = 0, (b) 100, and (c) 200 mm. The first wave 






































































































































































































































































































































An aqueous solution of sucrose (C12H22O11, 1.0 mol/l) provided the best results within 
a UWB bandwidth of 3.1 to 10.6 GHz. The maximum andrms errors between 2 and 12 GHz were 
12% maximal at 2.0 GHz and 8.5% rms for ε'; and 28% maximal at 7.0 GHz and 21.5% rms for 
ε". Although the maximum errors were relatively large, the rms errors were found to be tolerably 
small, considering typical measurement accuracies of around 5%. Reflection and scattering from 
homogeneous dielectric media in typical shapes (an infi ite plane, a sphere, and an infinite 
cylinder) were calculated to evaluate the effect of hese errors on the phantom performances, 
assuming a plane wave TE or TM incidence. In addition, the distortion of UWB waveforms 
reflected from a planar infinite medium and an infinite cylinder with errors in ε&  was numerically 
analyzed, assuming that the incidence of Gaussian modulated impulse occupied 3.1 to 10.6 GHz. 
The performance of the liquid UWB phantom material (1.0-mol/l aqueous solution of sucrose) 
was similar to that of muscle. 
The effects of the feeding cable configuration on UWB radio propagation were 
measured. It was found that careful attention should be paid to the cable configuration when 
electrically-small large VSWR antennas were used. It was also found that a perpendicular 





Chapter 3  
Measurements of UWB Propagation 





While on-body UWB radio propagation performances have been studied experimentally 
[16], [19], [45], [46] and numerically [17] (using ray-tracing and finite-difference time-domain 
techniques), off-body UWB radio propagation characteris ics have not been evaluated. Two UWB 
propagation channels envisioned for WPAN [40] are discussed in this chapter. First, a desktop 
environment in which a human arm blocks an LOS path, for instance, a wireless mouse and 
keyboard, was employed. Next, the radio propagation characteristics between a base station and 
an antenna mounted on a human torso were investigated. 
 
3.2 Propagation Channels Around an Arm 
 
An arm phantom was developed using a cylindrical container and the liquid material 
described in the previous section 2.1. The container, made of an acrylic resin, was 3 mm in 
thickness, 500 mm in length, and 64 mm in diameter, and was filled with the 1.0 mol/l sucrose 
solution. The relative permittivity of the acrylic resin was 2.5 (at 10.6 GHz) to 2.8 (at 3.1 GHz). 
A plastic intake was attached to the bottom of the cylinder to fill the liquid. 
The phantom was evaluated in a typical propagation environment in comparison with 
the real human arms of three adult volunteers (age: 22 to 24, length between the elbow to the tip 
of the fist: 340 to 380 mm, width of fist: 90 to 110 mm). The three volunteers were employed to 
investigate the differences between individuals and we could not gather any more volunteers. The 
UWB additional path loss caused by a real human arm blocking the LOS path was found to be up 
to 10 to 12 dB [6]. In the same propagation environme t, the relative UWB path gains and delay 
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profiles were measured by a VNA on a metal plate simulating a typical office desk (1200 × 800 
mm), as shown in Fig. 3.1. Desktops are the most comm n environment in which WPAN is 
employed. Transmitting and receiving antennas were omni-directional low VSWR monopole 
antennas [44], which were separated by 500 mm in the center of the metal plate for transmission 
and reception. The real and phantom arms were perpendicular to the LOS at the center of the 
propagation path. The location x of the fingertip of volunteers or the bottom (without the intake) 
of the arm phantom was moved from -200 to +200 mm at 20 mm intervals, where the intersection 
of the LOS and the loci of the arm was the origin, as shown in Fig. 3.2. The frequency range was 
3.1 to 10.6 GHz. All the measurements were carried out in a 3-m radio anechoic chamber. The 
diameter of the free-space first Fresnel zone, which was partially blocked by a human or phantom 
arm, ranged from 192 mm (at 3.1 GHz) to 104 mm (at 10.6 GHz). 
The measurement results for the relative path gain are shown in Fig. 3.3 (a). The relative 
path gain caused by the human arms and the arm phantom were found to be up to 9 to 11 dB and 
9 dB, respectively. The errors in the relative path gain between the human arms and the arm 
phantom were within 1.0 to 1.2 dB rms. The delay profiles when x = 200 mm were also essentially 
similar, as shown in Fig. 3.3 (b). These results validated the proper electromagnetic response of 
the arm phantom, and this arm phantom was thus deemed to be usable for experimental evaluation 
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Fig. 3.3.  Comparison of the arm phantom and the human arms: (a) relative path gain and (b) delay profiles 
measured when x = 200 mm. 
  
 



























































3.3 Propagation Channels Around a Torso 
 
A torso phantom was developed using a nearly-parallelepiped 20-liter (approximately 
340 × 200 × 350 mm in outer size) polyethylene water tank and the 1.0 mol/l sucrose solution. 
The relative permittivity of the polyethylene was 1.5 (at 10.6 GHz) to 1.9 (at 3.1 GHz). This 
phantom was compared with three adult male volunteers in a situation where WBANs are 
typically employed. In WBAN scenarios, sensor nodes collect various data and send them to a 
coordinator. The coordinator is mostly placed around the torso, and the transmitting antenna (an 
omnidirectional monopole) [44] mounted on the back waist of the volunteer or the broad side of 
the torso phantom. The electric center of the antenna was separated by 50 mm from the body 
surface (since the ground plane of the monopole antnna was 100 mm in diameter). The receiving 
antenna (a double-ridged waveguide horn, 2 to 18 GHz) was placed at a distance of 3 m in a radio 
anechoic chamber, as shown in Figs. 3.4 and 3.5. The volunteers were 22 to 24 years old, their 
height 1.70 to 1.79 m, and the breadth of chest 310 to 340 mm. The height of the two antennas 
was 1.17 m. The propagation losses and delay profiles between the two antennas were measured, 
while rotating the human body or the torso phantom azimuthally from 0º to 180º, as shown in Fig. 
3.5 (b). UWB (3.1 to 10.6 GHz) path gain and delay profiles were also measured by using the 
VNA. The transmitting antenna mounted on the human body or the torso phantom was fed via an 
optical fiber system [41] instead of a coaxial cable to avoid reradiation from the metallic cable. 
This optical fiber system employed a wideband (0.1 to 1 GHz) electrical-to-optical transformer, 
a single-mode optical fiber cable (which is practically transparent to microwaves), and a compact 
battery-powered optical-to-electrical transformer. 
The measurement results are shown in Fig. 3.6. The maximum plunges in the relative 
path gain were 25 to 28 dB for the volunteers and 23 B for the torso phantom. The rms errors 
between the human volunteers and the torso phantom were from 1.0 to 1.4 dB. The delay profiles 
at the azimuth angle of 0° were essentially the same, as shown in Fig. 3.6 (b). Hence, the validity 
of the torso phantom was confirmed. 
When an antenna is placed in close vicinity to a human body, the antenna input 
impedance changes from that in free space. The UWB (3.1 to 10.6 GHz) input impedance of the 
omnidirectional monopole antenna [44] was measured in the 3-m radio anechoic chamber. The 
antenna was separated by either d = 50, 100, 200, 500, or 1000 mm from either a human body 
(an adult male) at waist height or the torso phantom. Figure 3.7 shows the measured input 


























Fig. 3.5.  Experimental set-up for measuring relative path gain and delay profile of human body and torso phantom: 



























Fig. 3.6.  Comparison of the torso phantom and the human bodies: (a) relative path gain and (b) delay profiles 
measured when the azimuth angle = 0°. 
  
 





























































Fig. 3.7.  Measured input impedance of monopole antnna in the vicinity of: (a) a human body and (b) a torso phantom 
plotted on magnified Smith charts. 
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human body and the torso phantom deviated slightly from the others, but these two curves were 
closely similar to each other. Beyond d = 100 mm, the curves were almost coincident and thus
the effect of the human body (and the torso phantom) was negligible. The torso phantom, therefore, 
was considered to satisfactorily simulate a human body when the antenna-body distance is either 




Radio propagations around the human arm and between a base station and the human torso 
were measured. In addition to these measurements, the developed UWB arm and torso phantoms 
were also employed. The maximum plunges in relative path gains when the human and the arm 
phantom blocked the LOS path were as follows: 
• In the case of the volunteers, the relative path gains were found to be up to 9 to 11 dB. 
• In the case of the developed arm phantom, the path gains went up to 9 dB. 
The maximum plunges in relative path gains when the human torso and the torso phantom blocked 
the path were as follows: 
• In the case of the volunteers, the relative path gains were 25 to 28 dB. 
• In the case of the developed torso phantom, the path gain was 23 dB. 
Next, the effects of shape imperfection will be discu sed. Although the arm and torso 
phantoms were fabricated as simple shapes (a cylinder and a near parallelepiped), the evaluation 
results indicate that these phantoms can satisfactorily simulate the respective parts of the human 
body. The curves of the relative path gains, depictd in Figs. 3.3 (a) and 3.6 (a), were similar to 
those for knife-edge diffraction. In Fig. 3.3 (a), the relative path gains were around -6 dB when x 
= 0 mm, which corresponded to a diffraction loss of 6 dB when a knife edge touched the LOS. 
Also, Fig. 3.6 (a) shows that the path gains were around -6 dB when the azimuth angle was 
approximately 70°, at which point the LOS between the ransmitting and receiving antennas 
touched a vertical edge of the torso phantom. This implies that the dominant forward scattering 
mechanism in these experimental set-ups was diffraction since the direct wave was blocked by 





Chapter 4  
Measurements and Modeling of UWB 
Propagation Losses Around the Human 




A number of measurements relating to WBAN have alsobeen carried out to characterize 
on-body UWB propagation in either a radio anechoic chamber or a specific room type [16]-[27]. 
Conventional UWB propagation loss models in these studies did not consider the impact of the 
surrounding environments. It is necessary to evaluate the variation in propagation characteristics 
in various rooms since the major users of WBAN applications move through different-sized 
rooms. Multipath components (mainly reflected from the floor, walls, and ceiling) are highly 
dependent on the volume and the construction of rooms. 
In this chapter, we examine the measurements and modeling of UWB propagation losses 
for WBAN, emphasizing the impact of the surrounding environments [47]. The parameters in the 
conventional UWB propagation loss model were derived from measured results. It was found that 
the models depend on the room volume and the propagation channel, such as LOS or NLOS. A 
new model taking account of the impact of room volume was proposed and its parameters were 
estimated. The probabilistic distributions of propagation losses were also examined, and 
lognormal distribution was found to yield the best fit. 
 
4.2 Measurement Set-up 
 
 The measurement campaigns were conducted in the parallelepiped rooms, as listed in 
Table 4.1 and illustrated in Fig. 4.1. The dimensio f Room A (a radio anechoic chamber) were 
measured between the apexes of the radio absorbers paneled on all surfaces. As a radio 




Table 4.1  Outline of five rooms used for experiments. 
 Width [m] Depth [m] Height [m] Volume [m3] 
Room A 
(radio anechoic chamber) 
6.1 3.6 1.9 42 (≈ ∞) 
Room B 21.6 8.8 2.4 456 
Room C 6.6 4.3 2.5 71 
Room D 2.7 2.6 2.3 16 
Room E 2.0 1.0 2.5 5 
 
 
infinite volume. Rooms B to E were made of reinforced concrete, and their floors, walls, and 
ceilings were mostly covered with linoleum, wallpaper, and plasterboard, all of which had lossy 
dielectrics. Although the five rooms had different volumes, the heights were almost the same, 
since the heights of rooms from floor to floor do nt deviate much within most buildings. The 
measurements were conducted using three volunteers (adult males, ranging from 1.72 to 1.77 m 
tall and from 56 to 60 kg). As mentioned in Chapter 3, three volunteers were hired in order to 
research individual differences and we were unable to gather any more volunteers. Each subject 
stood upright with the feet shoulder-width apart in either a quiet zone (where reflected waves are 
minimized and amplitude of the electric field flucta es less) of the radio anechoic chamber or in 
the center of Rooms B to E. The standing posture was selected to evaluate the impact of room 
volume, since it is one of the most typical postures. The UWB (from 3.1 to 10.6 GHz) frequency-
domain propagation losses were measured by the VNA. The specifications of the measurements 
are shown in Table 4.2. Commercially-available meand rline antennas [43] were used for 
transmission and reception. The VSWR of the antennas was less than 2.5 between 3.1 and 10.6 
GHz and the omnidirectionality in the horizontal plane was within 3 dB in a free space. The 
transmitting antenna was affixed to the center back waist of the volunteers at a height of 1.0 m 
from the floor, as shown in Fig. 4.2 (also indicated by “ * ” in Fig. 4.3). The receiving antenna 
was placed at 100-mm intervals on the torso. Both antennas were vertically-polarized and 
separated by 10-mm from the volunteers’ bodies. When t  receiving antenna was placed on the 
back of volunteers’ bodies, the path was roughly LOS; and when on the front, it was NLOS. In 
total 69 receiving points around the torso were employed. The transmitting and receiving antennas 
were fed by 2- and 3-m long coaxial cables and these cables were perpendicular in configuration 















































Table 4.2  Specifications of the experiment. 
Bandwidth 3.1 – 10.6 GHz 
Frequency sweeping points by VNA 751 points, 10-MHz interval 
IF bandwidth of VNA 100 Hz 
Calibration Internal function of the VNA 







Fig. 4.2.  Placement of transmitting and receiving a tennas on the body. The rectangular patches on the clothes are 






4.3 UWB Propagation Losses 
 
The UWB propagation losses were calculated by integra ing the power of the losses 
























log10  (4.1)  
where PLdB( f ) is the propagation loss in dB measured at a frequency f, and fL and fH are the 
lowest and the highest frequencies [6]. The calibration was conducted between the feeding points 
with a coaxial through adaptor. These propagation losses included the antenna gains (typically 
-10 to 3 dBi), which were affected by the human body and varied depending on the radiation 
direction and the frequency [48]. A set of examples of the spatial distributions of UWB 
propagation losses, measured with a volunteer (1.77 m tall and 57 kg) in the five different 
environments, are shown in Fig. 4.3. The frequency-domain transfer function was obtained by 
taking the IFT of a delay profile. The number of IFT points was 1,024, consisting of 
751 measurements within the 7.5 GHz bandwidth and 273 zeros for zero padding. A rectangular 
window was used for data windowing. The time resoluti n was 0.098 ns. Figure 4.4 shows 
examples of the frequency- and time-domain propagation losses when the receiving antenna was 
placed on the center chest and the back side of one v lunteer (the receiving antenna was placed 
at a height of 1.3 m from the floor). In Fig. 4.4, the ordinates are absolute values of UWB 
propagation losses in decibels. The propagation losses decreased with the decreasing room 
volume, as shown in Figs. 4.3 and 4.4. This was attribu ed to the large number of multipath 
components from the nearby floor, walls, and ceiling i  Rooms B to E, as shown in Fig. 4.4 (b). 
The dominant propagation path in Room A (the radio anechoic chamber) was either a direct or a 
diffracted wave, and thus the total reception power as lower than in the other rooms. With 
decreasing room volume, mean free path lengths decreased, the power component contained in 
the multipath components increased, and consequently the total received power increased. Similar 
phenomena occurred at the other measured points (See Appendix B). 
 Generally, the wider bandwidth provided higher reception power, because of 
cancellation of the nulls in the frequency responses [7], [48]. Reception power versus occupied 
bandwidth at the deepest dead spot was derived from the easured data in the five environments. 
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UWB reduces fading depth and is therefore advantageous over narrowband from the viewpoint 









Fig. 4.3.  Spatial distributions of UWB propagation l sses in the five environments. The transmitting a tenna was 
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Fig. 4.4.  Propagation losses at the center of the back (LOS) and the center of the chest (NLOS) in the (a) frequency 
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4.4 Propagation Loss Models 
 












nPLPL , (4.2)  
where PL0dB is the propagation loss at the reference distance d0 (= 0.1 m), d is the propagation 
distance (distance along the perimeter of the body between the transmitting and the receiving 
antennas), and n is the propagation loss exponent. This equation is widely used throughout radio 
propagation studies. The theoretical n value is 2 in a free space and experimental  is between 
3 and 5 in cellular mobile communication environments [49]. Applying the least square method, 
PL0dB and n were calculated from the measured data. Scattered plots of the UWB propagation loss 
measured for the three volunteers versus the distance d the obtained loss models are shown in 
Fig. 4.5. The maximum variation of the propagation l sses measured in the radio anechoic 
chamber was 25 dB (when d = 0.2 m at LOS), while that in Room E (the smallest in size of the 
five rooms) was 9 dB (when d = 0.1, 0.14, and 0.2 m at LOS) where the dominant propagation 
components were multipath reflected from the surrounding floor, ceiling, and walls. These 25- 
and 9-dB variations were found to be nearly insensitive to the three subjects since each subject 
had almost the same variations. The larger number of multipath components resulted in a smaller 
spatial variation for ultra wide bandwidth, as shown in Fig. 4.3. PL0dB and n were derived from 
the data measured for the three subjects. These parameters are summarized along with the 
associated 95% fidelity intervals in Table 4.3, and the behaviors of the parameters were as 
follows: 
• In the case of LOS, because the dominant propagation path was a direct wave, the differences 
in PL0dB between the five environments were negligible. 
• In the case of NLOS, PL0dB also differed negligibly. 
• In the case of LOS, n decreased (from 3.4 to 2.2) with decreasing room vlume, since in a 
smaller room the total receiving power contained more contributions from the large number 
of multipath components, which were independent of d. 













Fig. 4.5.  The propagation loss models along with the measured data in the five environments: (a) Room A (radio 
anechoic chamber) and (b) Room B to (e) Room E. 
















































































Fig. 4.5.  Continued. 
 
 
• In the radio anechoic chamber, n = 3.4 for LOS was consistent with the previously-published 
n = 3.1 [22]. However, as shown in Fig. 4.6 (b), in the case of NLOS, n = 4.8, 5.9, and 5.9 
for the three subjects; as shown in Fig. 4.6 (b); and their average = 5.5 ± 1.1 (95% fidelity 
interval). The n = 5.5 result was significantly smaller than the prviously-published n = 7.2 
[21]. This is most likely due to the fact that the volunteers in the present study were slenderer 
than those in [21] (our volunteers measured 80 cm around the chest versus more than 100 cm 
in the previous study), the space under the arms was larger, and thus the power of the 
diffracted waves was greater. 
  

















































Table 4.3  Estimated parameters (and ±95% fidelity interval) of the conventional propagation loss model (Eq. (4.2)) 
in the five environments. 
 Parameters LOS (back) NLOS (front) 
Room A 
(radio anechoic chamber) 
PL0dB [dB] 32.7 (±2.8) 41.8 (±6.1) 
n 3.4 (±0.7) 5.5 (±1.1) 
Room B 
PL0dB [dB] 33.9 (±1.7) 46.5 (±4.8) 
n 4.2 (±0.4) 3.5 (±0.9) 
Room C 
PL0dB [dB] 32.9 (±2.6) 44.6 (±4.6) 
n 2.9 (±0.7) 3.5 (±0.8) 
Room D 
PL0dB [dB] 33.9 (±1.9) 45.2 (±3.6) 
n 2.4 (±0.5) 1.6 (±0.6) 
Room E 
PL0dB [dB] 35.1 (±1.1) 48.2 (±2.4) 
n 2.2 (±0.3) 0.6 (±0.4) 
 
 Scattered plots for PL0dB and n are shown in Fig. 4.6 against 3/1 V , where V is the 
room volume. These parameters were almost linearly p oportional to 3/1 V . Since the 
dependency of PL0dB on 3/1 V  was observed to be slight, PL0dB was assumed to be constant. 








+= ∞ , (4.3)  
3 V  represents the mean free path length of the rays tveling within a room having a finite (or 
infinite) volume V. Note that n = n∞ when V approaches infinity (corresponding to the free space 
and radio anechoic chambers). The PL0dB, n∞, and n' estimated from the data for the three subjects 
are summarized in Table 4.4, accompanied by the 95% fidelity intervals. Note that the parameters 
are valid when one of the devices is fixed at the center back waist of the standing human body. 





























Fig. 4.6.  Propagation loss parameters against 3/1 V : (a) PL0dB and (b) n. 
 
  










: Room A (radio anechoic chamber (  = 0 m-1) 
: Room D (0.40 m-1) 
: Room B (0.13 m-1) : Room C (0.24 m-1) 
: Proposed model 
: Conventional model : LOS (back) : NLOS (front) 
: Room E (0.58 m-1) 


















Table 4.4  Estimated parameters (and ±95% fidelity interval) of the proposed propagation loss model (Eq. 4.4)). 
 Parameters LOS (back) NLOS (front) 
PL0dB [dB] PL0dB [dB] 33.7 (±3.6) 45.0 (±9.1) 
n 
n∞ 3.8 (±0.6) 5.1 (±0.6) 
n′ [m] -2.8 (±1.8) -8.0 (±1.9) 
 
 
Table 4.5  The rms errors for PLdB against the proposed and the conventional models. 
 
LOS (back)  NLOS (front) 
Proposed Conventional  Proposed Conventional 
rms error for PLdB 5.57 5.75  4.92 9.25 
 
 
Next, accuracy in the proposed model was compared with that of a conventional model. 
PL0dB and n in the conventional model were derived from all the data measured for the three 
subjects in the five rooms by using Eq. (4.2), as pre ented by the broken lines in Fig. 4.6. The rms 
errors for PLdB were calculated for all the data when using the proposed and conventional models, 
as listed in Table 4.5; and scattered plots of the UWB propagation loss measured for the three 
volunteers versus the distance and the 3/1 V , along with the proposed and conventional models, 
are shown in Fig. 4.7. Whereas the rms errors for LOS in the proposed model were slightly smaller 
than for the conventional model, the rms error for NLOS in the proposed model was considerably 
smaller than that in the conventional model. Since the dependence of n on the room volume for 
NLOS was larger than for LOS, as shown in Fig. 4.6 (b), it can be concluded that the proposed 
model outperforms the conventional one in NLOS environments. 
 The relation between the occupied bandwidth and the parameters, PL0dB, n∞, and n' was 
evaluated, as shown in Fig. 4.8, by fixing the center frequency at 6.85 GHz and changing the 
bandwidth from 0.5, to 1, 1.5, 3, and 7.5 GHz. The eff cts of bandwidth on the parameters were 











Fig. 4.7.  The proposed and conventional models along with the measured data in the five environments: (a) LOS and 
(b) NLOS.  
: Room A (radio anechoic chamber (  = 0 m-1) 
: Room D (0.40 m-1) 
: Room B (0.13 m-1) : Room C (0.24 m-1) 


















































































Fig. 4.8.  The relation between the occupied bandwidth and the parameters: (a) PL0dB, and (b) n∞ and n'. 
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4.5 Statistical Properties of the UWB Propagation Loss 
 
In addition to the propagation loss model, a statistical model of the amplitude 
distribution over the surface of the body is considere  here. Lognormal distribution has been 
reported [21] to be an excellent fit to the amplitude data in comparison with the Nakagami-m and 
Rayleigh distributions for all receiver locations. In this section, the lognormal, Nakagami, and 
Rayleigh distributions are compared in terms of their ability to estimate a statistical model. As in 
previous research [21], the second-order corrected Akaike Information Criterion (AICc) was used 
to rank the models: 








KLec θ  (4.5) 
where ( )( )θ)Lelog  is the maximized log-likelihood value over unknown parameters (θ), K is the 
number of parameters in the approximating model, and N is the sample size. A subscript “c” of 
“AIC” indicates “correct”. The lognormal and Nakagami distributions are two parameters (K = 
2); the Rayleigh is one (K = 1). The values of N are 102 and 105, for LOS and NLOS, respectively. 
This equation is straightforward to compute since the log-likelihood is readily available from the 
maximum likelihood estimates. Intuitively, the first term indicates that better models have a lower 
AICc because the log-likelihood reflects the overall fit o  the model to the data. The second part 
of the equation penalizes additional parameters ensuring we select models that best fit the data 
with the least number of parameters. The AICc also has a strong theoretical motivation since it 
provides an estimate of the Kullback–Leibler information loss [50]. In this way, the model with 
the lowest AICc approximates the “true” distribution with minimum loss of information. 
In practice, the value of the AICc by itself has no meaning. However, the relative values 
of AICc among the models can be used to rank the models from best to worst and to provide strong 
evidence that one model is better than another. To facilitate this, the related metric is given by 
[51]: 
 Δi = AICi – Min(AICi) (4.6) 
where AICi is the i-th AIC value. Clearly, the best model among the set of models has a delta AIC 
of 0. As a rule-of-thumb, Δi < 2 suggests substantial evidence for the model, values between 3–7 
indicate that the model has considerably less support, while values greater than ten indicate that 
the model is very unlikely [51]. Comparisons of the models fitting amplitude distribution are 
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shown in Fig. 4.9 in terms of Δ. The lognormal distribution provided the best fit o he cumulative 
density function (CDF) of amplitudes regardless of the room volume, either NLOS or LOS. The 
lognormal fittings to the amplitude distributions are shown in Fig. 4.10. The lognormal 


















xf , (4.7) 
where μ and σ are the mean and the standard deviation of amplitude, respectively. The parameters 
of μ and σ, fitting the measured data, are summarized in Table 4.6. The μ increased with 
decreasing room volume since the average UWB propagation losses decreased with decreasing 
room volume, as shown in Fig. 4.3. The σ decreased with decreasing room volume. This is 
because the valuation of the UWB propagation losses also decreased with decreasing room 
volume, as shown in Fig. 4.3. 
 The μ and σ were also almost linearly proportional to 3/1 V , as shown in Fig. 4.11. 
The least square method was used to approximate the xponent of μ and σ, and the parameters 













+= ∞ . (4.9) 
Note that µ = µ∞ and σ = σ∞ when V approaches infinity. The μ∞, μ', σ∞, and σ' estimated from the 





































































































































Table 4.6  The parameters of μ and σ in Eq. (4.7) fitted to the measured data in the fiv environments. 
 LOS (back)  NLOS (front) 
 μ σ  μ σ 
Room A 
(radio anechoic chamber) 
-9.7 1.9  -16.6 2.0 
Room B -11.2 2.1  -15.2 1.4 
Room C -9.9 1.9  -14.6 1.4 
Room D -9.8 1.6  -12.5 1.0 











Fig. 4.11.  Lognormal distribution parameters against 3/1 V : (a) µ and (b) σ. 
  
: Room A (radio anechoic chamber (  = 0 m-1) 
: Room D (0.40 m-1) 
: Room B (0.13 m-1) : Room C (0.24 m-1) 
: LOS (back) : NLOS (front) : Room E (0.58 m-1) 





















Table 4.7  Estimated parameters (and ±95% fidelity interval) of the lognormal distribution embodying the impact of 
room volume. 
 Parameters LOS (back)  NLOS (front) 
μ 
μ∞ -10.5 (±0.5)  -16.5 (±0.5) 
μ′ [m] 1.2 (±1.4)  8.7 (±1.4) 
σ 
σ∞ 2.1 (±0.2)  1.9 (±0.3) 





This chapter presents the findings from a study of the on-body UWB radio propagation 
measurements and modeling in five environments, and their volume-dependent modeling. The 
propagation mechanisms differed among LOS, NLOS, and the surrounding environments as 
follows: 
In a radio anechoic chamber (approximately equivalent to free space), the propagation 
mechanisms were as follows: 
• In the case of LOS, the dominant propagation path was the direct wave. 
• In the case of NLOS, the dominant paths were diffracted waves. 
In Rooms B to E (multipath environments), however, the propagation mechanisms were as 
follows: 
• In the case of LOS, the dominant path was the direct wave. 
• In the case of NLOS, the dominant paths were reflected waves. 
These mechanisms resulted in the following phenomena. 
In the free space: 
• LOS resulted in higher reception. 
• NLOS resulted in lower reception than in LOS. 
In multipath environments: 
• Both LOS and NLOS resulted in higher reception power than in free space. 
 A conventional UWB propagation loss model (Eq. (4.2)) was modified to include the 
impact of the room volume and the parameters were dived from the measured data. 
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• In the case of LOS, PL0dB differed negligibly between the room volumes because the 
dominant propagation path was the direct wave. 
• In the case of NLOS, PL0dB also differed negligibly. 
• In the case of LOS, n decreased with decreasing room volume, since in a smaller room the 
total received power contained more contributions from the large number of multipath 
components, which were independent of d. 
• In the case of NLOS, n also decreased with decreasing room volume. 
A new model (Eq. (4.4)) including the impact of room volume was proposed. The 
parameters in the new model were derived from the measured data for individual body sections. 
Accuracy in the proposed and conventional models was compared. The rms error for the proposed 
model was considerably smaller than that for the conventional one. The relation between the 
occupied bandwidth and the parameters was evaluated. The effects of bandwidth on the 
parameters were found to be negligible. 
Probabilistic distributions of propagation losses, considering the impact of room volume, 
were also examined. The lognormal distributions were found to provide the best fit to the 
propagation losses regardless of room-size, althoug Fort et al. [21] reported that lognormal 
distributions were a good fit to the path losses measured in an indoor environment. The parameters 
of lognormal distributions were derived from the measured data. The μ and σ increased and 
decreased with decreasing room volume, respectively. This is because the UWB propagation 





Chapter 5  
Statistical Modeling of UWB Wireless 
Channels Around the Human Body 




In Chapter 4, we measured UWB (3.1 - 10.6 GHz) radio propagation characteristics 
around the human body in a radio anechoic chamber and four different rooms, and proposed a 
new UWB propagation loss model depending on the room v lume. In this Chapter, a time-domain 
statistical channel model, based on the same measurement campaign as in Chapter 4, will be 
presented [52]. 
As for statistical modeling of the channel impulse response, Fort et al. [19] separated 
the WBAN propagation channels into two parts: (1) diffraction around the body and (2) 
reflections off of nearby scatterers then back at the body, and modeled the second part using a 
modified SV model [53]. The applicable area of the modified SV model in [53], however, was 
limited to WPAN not including human bodies. Roblin [54] scrutinized the separability of channels 
for various scenarios in three different rooms, and concluded that UWB channels can be separated 
in the case of a relatively larger room, but Roblin [54] has not developed a channel model. 
Previous studies, then, have not reported a statistic l channel model around the human body while 
also considering room volume. Multipath components (mainly reflected from floor, ceiling, and 
walls) are highly dependent on the environment, so it is necessary to establish a channel model 
dependent on room volume for WBAN applications. We also divided the channel responses into 
two parts which were then modeled by power decay law and a modified SV model that took 




5.2 Measurement Set-up 
 
The measurement set-up used to extract the static modeling is summarized here. The 
measurement campaigns were conducted in five parallelepiped rooms, as shown in Table 4.1 and 
Fig. 4.1. Room A (a radio anechoic chamber) can be considered a room extending to an infinite 
volume (i.e. a free space) in terms of its radio propagation enviro ment. Rooms B to E were made 
of reinforced concrete. Their floors, walls, and ceilings were mostly covered with linoleum, 
wallpaper, and plasterboard, all of which had lossy dielectrics. The measurements were carried 
out using a human subject (adult male, 1.72 m tall and 56 kg). The subject stood upright with the 
feet shoulder-width apart in either a quiet zone of the radio anechoic chamber or in the center of 
Rooms B to E. The UWB (3.1 - 10.6 GHz) on-body propagation losses were measured by the 
VNA. The same small low-profile meanderline antennas [43] were used for all measurements. 
The transmitting antenna was affixed to the center back waist of the subject and placed at a height 
of 1.0 m from the floor, as shown in Fig. 4.2. The receiving antenna was placed at approximately 
100-mm intervals on the torso. When the receiving antenna was placed on the back of the subject’s 
body, the path was roughly LOS, and when on the front, it was NLOS. The frequency-domain 






5.3.1 Division of Propagation Channels 
 
A delay profile can be treated by dividing it into two domains, in the same way as in 
[19], [54]: the first (approximate arrival time 0 < t ≤ 4 ns) and second (t > 4 ns) domains, as 
schematically shown in Fig. 5.1. The first domain represents the contribution of the human body 
alone, consisting of either direct (for LOS) or diffracted (for NLOS) waves measured in free space 
or radio anechoic chambers. And the second domain represents the contribution of the 
surrounding environments, consisting of the remaining multipath components, which depend on 
room volume. The justification for dividing the profiles at t = 4 ns is as follows. Figure 5.2 depicts 
APDPs (averaged over 3 ns) for LOS and NLOS measured in Rooms A to E. The curves are 
almost equal for the period between 0 and approximately 4 ns: the effect of the surrounding 
environment was insignificant up to 4 ns. Beyond 4 ns, the propagation loss decreased (the curves 
move upward) with decreasing room volume. Furthermore, the amplitude distribution was 
examined to confirm the validity of t = 4 ns for dividing the delay profiles. The amplitudes within 
the measured delay profiles were found to follow logn rmal distribution up to an excess delay of 
10 ns. The averages in the lognormal distribution up to 3, 4, 5, and 7 ns were estimated for LOS 
and NLOS, as shown in Fig. 5.3, where the 95% confide ce intervals derived from the Room A 
data are plotted by dashed lines. While all the averag s up to 4 ns for Rooms B to E fell within 
the 95% intervals, some (Rooms C, D, and E for LOS and Rooms D and E for NLOS) were 
outside these intervals, as shown in Fig. 5.3. This fact also ratified the validity of t = 4 ns for 










Fig. 5.1.  Conceptual diagram of division of the delay profiles: (a) LOS and (b) NLOS. The first domain represents 
the delay profiles measured in free space or radio nechoic chambers and contain direct or diffracted waves along the 























(1st domain only) 






















(1st domain only) 








Fig. 5.2.  Measured APDPs (averaged over 3 ns): (a) LOS and (b) NLOS. 
 
  
































































Fig. 5.3.  Averages in lognormal distribution fitted to the propagation loss for Rooms A to E: (a) LOS and (b) NLOS. 
The dashed lines are the 95% confidence intervals for Room A (a radio anechoic chamber). The averages circled by 
ovals are outliers to the 95% intervals for Room A. 
  
95% confidence interval for Room A 










































95% confidence interval for Room A 












































5.3.2 Statistical Analysis of the First Domain 
 
The channel response in the first domain (0 < t ≤ 4 ns) can be represented by 












⋅= δ , (5.1) 
where h10 is the propagation gain at the reference distance d0 (= 0.1 m), d is the propagation 
distance along the perimeter of the body, n is the propagation loss exponent, t0 is the arrival time 
of the first wave, and δ(·) is the Dirac delta function. The arrival time t0 is proportional to d. 
Equation (5.1) represents a special case (when the room volume V = ∞) of the proposed UWB 
propagation loss model depending on room volume [47], as described in section 4.3. The values 
of h10 and n in Eq. (5.1) were found to be 4.3×10-4 and 3.8 for LOS and 3.2 × 10-5 and 5.1 for 
NLOS, respectively, from the data for PLdB shown in Fig. 5.4. The statistics for h1(t) followed 
lognormal distribution with a standard deviation of 4.4 dB (± 0.5 dB) and 3.4 dB (± 0.5 dB), for 

























Fig. 5.4.  Ultra-wideband propagaion losses between on-body antennas measured in a radio anechoic chamber: (a) 
LOS and (b) NLOS. 
  














































5.3.3 Statistical Analysis of the Second Domain 
 
The second domain (t > 4 ns) can be represented by a modified SV model [55] based on 
a cluster concept of rays: 









lkllk Ttth τδβ , (5.2) 
where {βk, l} are the multipath gain coefficients, {Tl} is the delay of the l-th cluster, and {τk. l} is 
the delay of the k-th multipath component relative to the l-th cluster arrival time (Tl). Figure 5.5 
demonstrates the concept of clusters and rays. Eachcluster is formed by the reflection of UWB 
waves from different objects, for example one cluster may represent the reflected signals from a 
wall and another cluster the signals reflected from a desk located a couple of meters away. The 
modified SV model is the standard for modeling UWB channels established by the IEEE 802.15 
task group. Delay profiles measured in Rooms B, C, D, and E indicated that rays arrived in clusters, 
as shown in Fig. 5.6, where the abscissas of the graphs are drawn in antilogarithm to improve 
readability. The first wave of the second cluster yi lded higher reception power than the first wave 
of the first cluster, as shown in Fig. 5.6 (b), (d), and (e). This is because multipath waves that 
traveled the same propagation length combined at the receiving antenna; or the reflected object 
differed between the first and second clusters. Although the difference did not exceed 1 dB 
between the first waves of the first and the second clusters, we modeled using the first cluster. 
While Fort et al. stated that the cluster interval times fitted the Weibull distribution [19], in all our 
cases, the arrival time intervals of the clusters were found on using the Kolmogorov-Smirnov test 
with a 95% confidence interval to follow an exponential distribution. This means that cluster 
arrivals are modeled as a Poisson arrival process with a fixed rate of Λ [1/ns]. Within each cluster, 
subsequent rays also arrived according to a Poisson process with another fixed rate of λ [1/ns]. 
The distribution of the cluster and ray arrival times are given by 
 p(Tl |Tl -1) = Λexp[-Λ(Tl – Tl -1)], l > 0 (5.3) 
and 
 p(τk, l | τ(k -1), l ) = λexp[-λ(τk, l – τ(k -1), l )],  k > 0, (5.4) 
where Λ and λ are cluster arrival rate and ray arrival rate within each cluster, respectively. The 
IEEE 802.15.4a channel model [53] used a lognormal distribution rather than the Rayleigh 
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distribution adopted in the original SV model [55] for the multipath gain coefficients βk, l. We also 
adopted a lognormal distribution for βk, l because this gave a better fit to the measured data. The 
average power of both the clusters and the rays within the clusters are assumed to decay 
















ββ lkllk T ,20,0,
2 expexp , (5.5) 
where 〈β20, 0〉 is the expected value of the power of the first arriving multipath component, Γ is the 
delay exponent of the clusters, and γ is the decay exponent of the rays within a cluster. The power 
of the first arriving multipath detected in measured delay profiles is lower with decreasing room 
volume, as shown in Fig. 5.7. The power of the first multipath component, 〈β20, 0〉, can be 
represented by 
 ( )vV3020,0 ⋅= ββ . (5.6) 
The values of β0 and ν were calculated by using the measured delay profiles, as listed in Table 
5.1. 
The values of Λ, λ, Γ, and γ were derived from the delay profile data measured in Rooms 
B, C, D, and E. Figures 5.8 and 5.9 present those values against V1/3 along with regression lines. 
Note that V1/3 represents the mean free path length of the rays trveling within a room having a 
finite (or infinite) volume V. The cluster arrival time rate Λ [1/ns] is approximately 0.08, while 
the ray arrival time rate λ [1/ns] is 0.4 for both LOS and NLOS. While the arrival rates Λ and λ 
exhibited no apparent dependence on V1/3 or LOS/NLOS scenarios as shown in Fig. 5.8, the power 
decay factors Γ and γ increased slightly with V1/3, as shown in Fig. 5.9. The propagation distances 
(and therefore propagation losses) of rays increase with the room volume, and therefore the decay 
factors increase. The slope of the NLOS scenario was steeper than that for the LOS scenario. The 
dependence of the cluster power-decay factor and the ray power-decay factor on V1/3, depicted in 
Fig. 5.9, is formulated by 
 Γ = Γ0 + Γ’  3 V   (5.7) 
and 
 γ =γ0 + γ’   3 V , (5.8) 
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where Γ0 and γ0 are values of Γ and γ when imaginarily V = 0, Γ’  and γ’  are the slope of the cluster 
and the ray within the cluster against V1/3, respectively. The values of Γ0, γ0, Γ’  and γ’  are listed 
in Table 5.2. Although the effect of shadowing has not been considered in this chapter, it can be 













Fig. 5.6.  Examples of the delay profiles measured in Rooms A to E. Profiles for LOS were measured at the center of 
the back and those for NLOS at the center of the chest. The dashed lines represent the exponential power decay of the 
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Table 5.1  Parameters of the first arriving multipath component. 
 NLOS LOS 
ν -2.8 -3.0 








































Fig. 5.9.  Power decay factors against V1/3 for (a) the clusters and (b) the rays. The solid lines are the linear fitting. 
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Fig. 5.9.  Continued. 
 
 
Table 5.2  The parameters for the cluster and the rays within the cluster. 
  NLOS LOS 
Cluster 
Γ’  [ns/m] 1.25 0.70 
Γ0 [ns] 10.0 7.1 
Ray 
γ’  [ns/m] 0.28 0.11 






































5.4 Realization of On-Body UWB Channels Based on the 
Composite Model 
 
  A composite statistical UWB channel model between on-body antennas is formulated 
by summing the models described in Section 5.3. We used the realization programs described in 
[53]. A realization is calculated upon providing input data – whether the path is either LOS or 
NLOS d – (the distance between the antennas along the perimet  of the body), and the room 
volume, as shown in Fig. 5.10. Once a number of realizations of the channel responses have been 
calculated randomly (= 100 times), this is then used to estimate the transmission performances 
and/or system capacity of communication systems, the detection and false alarm rates of radar 
systems, and so forth, by simulation. 
Examples of the channel response realizations for LOS and NLOS, assuming 
d = 200 mm for LOS and 450 mm for NLOS and V = 5 m3, are presented in Fig. 5.11, where 
20 realizations are overwritten. The APDPs for LOS and NLOS were derived from these 
realizations and compared with the measured data. The moving average was conducted over a 3-
ns period to calculate the APDPs. The APDPs derived from the calculated realizations and from 
the measured delay profiles agree reasonably well, as shown in Fig. 5.12. The validity of the 








Fig. 5.10.  Flow chart showing the model realization process. 
Start 
Input: d, LOS/NLOS 
Equation (3.2) The multipath model 
Input: V, LOS/NLOS 
Lognormal dist. 
Output as shown 
in Fig. 5.11. 
2st domain 
Equation (3.1) The pathloss model 
1st domain 










Fig. 5.11.  Examples of 20 channel response realizations for Room E (V = 5 m3): (a) LOS and (b) NLOS. Note that 






































































Fig. 5.12.  Comparison of the APDPs between 20 realizations and measured delay profiles for Room E (V = 5 m3): 























































  In this chapter, a series of propagation measurement campaigns were carried out 
between on-body antennas in five different rooms. A measured delay profile can be divided into 
two domains. In the first domain (0 < t ≤ 4 ns), there is either a direct (for LOS) or diffracted (for 
NLOS) wave which depends on propagation distance along the perimeter of the body but is 
essentially unrelated to room volume. This domain was modeled with a power decay law against 
the distance, and its amplitude followed a lognormal distribution. In the second domain (t > 4 ns), 
multipath components are dominant and dependent on room volume. Observations of the second 
domain indicate that rays generally arrive in cluster . The arrivals of clusters and rays within each 
cluster were found to be modeled by Poisson processes. As a result, the second domain was 
modeled by a modified SV model by using a lognormal distribution rather than a Rayleigh 
distribution for multipath gain coefficients. Finally, a composite model to calculate the UWB on-
body channel realizations was obtained by combining the two domains, and validated by using 




Chapter 6  
Conclusions 
 
This dissertation presents UWB radio propagation measurements and modeling around 
the human body envisioned for WBAN. The targets of this study are mainly the off-body 
measurements, the radio propagation measurements around the human body in the five 
environments, and a modeling of UWB propagation losses and delay profiles that takes account 
of the impact of room volume. 
 Chapter 2 described how a liquid UWB phantom materi l simulating human muscle was 
developed for experimental studies on antenna and propagation. An aqueous solution of sucrose 
(C12H22O11, 1.0 mol/l) provided the best result within a UWB bandwidth of 3.1 to 10.6 GHz. The 
effects of errors in realizing ε&  of muscle were analytically evaluated by assuming the typical 
shapes of reflecting and scattering objects. The errors for reflected or scattered waveforms were 
small. Next, the effects of the feeding cable configuration on UWB radio propagation were 
measured. It was found that careful attention should be paid to the cable configuration when 
electrically-small large VSWR antennas are used. It was also found that a perpendicular 
configuration of transmitting and receiving antennas without crossing yielded the least coupling. 
 Chapter 3 examined the UWB propagation gains between a base station and on-/off-
body antennas. The maximum plunges in the relative path gains when the human arm and torso 
blocked the propagation paths were found at up to 9 to 11 dB and 25 to 28 dB, respectively. In 
addition, UWB arm and torso phantoms developed using a liquid recipe (1.0 mol/l aqueous 
solution of sucrose) were also employed. The performances of the arm and torso phantoms were 
almost the same as those of the human body. 
The UWB propagation losses around the human body an propagation loss models 
dependent on room volume were described in Chapter 4. The measurement campaigns were 
conducted in the parallelepiped rooms; Room A (a radio nechoic chamber) and Rooms B to E 
(made of reinforced concrete). The propagation losses decreased with the decreasing room 
volume. This was attributed to the large number of multipath components from the nearby floor, 
walls, and ceiling in Rooms B to E. The dominant propagation path in Room A was either a direct 
or a diffracted wave, and therefore the total reception power was lower than in the other rooms. 
With decreasing room volume, mean free path lengths decreased, the power component contained 
in the multipath components increased, and consequently the total received power increased. The 
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parameters in the conventional UWB propagation loss model were derived from measured results 
and it was found that the models depend on the room volume and whether the waves were LOS 
or NLOS. A new model taking into account the impact of the room volume was proposed and its 
parameters were estimated. The probabilistic distributions of propagation losses were also 
examined, and lognormal distribution was found to yield the best fit. 
 Finally, in Chapter 5, statistical modeling of UWB channels around the human body 
dependent on room volume was described. A measured delay profile can be divided into two 
domains. In the first domain (0 < t ≤ 4 ns), there is either a direct (for LOS) or diffracted (for 
NLOS) wave which depends on the propagation distance long the perimeter of the body but is 
essentially unrelated to room volume. This domain was modeled with a power decay law against 
the distance, and its amplitude followed a lognormal distribution. In the second domain (t > 4 ns), 
multipath components are dominant and dependent on room volume. Observations of the second 
domain indicate that rays generally arrive in cluster . The arrivals of clusters and rays within each 
cluster were found to be modeled by Poisson processes. As a result, the second domain was 
modeled using a modified SV model and lognormal distribution rather than Rayleigh distribution 
for multipath gain coefficients. The composite model used to calculate the UWB on-body channel 
realizations was obtained by combining the two domains, and validated with the use of the 
measured delay profiles. 
 
 Future Research Topics 
 
This dissertation focuses on the statistical characte istics associated with a standing 
posture. Previous studies, however, provide channel models with an emphasis on various body 
postures or body movement [56], [57]. Quantitative performance evaluation of various body 
postures in different surrounding environments willbe our future subject of study. 
While full-band UWB is legally approved in the US and Singapore, most countries 
restrict the use of separate low- and high-band UWB, as described in Section 1.1. Characterization 
and modeling for the two bands should be split and scrutinized from the viewpoint of the volume-
dependent UWB propagation loss model, the statistical model of the UWB propagation losses, 
and the statistical modeling of the channel responses. 
In recent years, UWB radio propagation around human legs has been reported [27], [58], 
[59], although mostly previous studies have focused on the human torso. The target applications 
for human legs include rehabilitation, gait analysis, and sports science. We have measured around 
the lower body section including the legs in the five environments. The parameters of the 
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conventional propagation loss model were calculated from the measured data, and the value of n 
was negative [60]. But we have not yet fully understood this phenomenon. So it will be necessary 
to conduct further research since the characteristics of radio propagation around the human legs 
will have implications for the development of new applications using UWB technology. 
 In this thesis, the measurement campaigns were derive  f om the three volunteers. Their 
physiques were almost the same. The effects of UWB propagation losses between different 
subjects of various statures and shapes were measured in an indoor environment; the maximum 
variation in UWB propagation losses was 14.2 dB [61]. It is necessary to evaluate the effects of 
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Numerical Evaluation of Effects of 
Errors in the Complex Relative 
Permittivity of Phantom Materials 
 
The effects of errors in the ε&  of phantom materials in comparison with muscle on 
reflection were numerically evaluated [36]. First, the UWB power reflection coefficients were 
calculated with and without errors in ε& ( f ) = ε′( f ) − jε″( f ) against ε& muscle( f ) = ε′muscle( f ) − 
jε″muscle( f ), where ε& muscle( f ) denotes the relative permittivity of high-water-content tissues, 
including muscle, for which data were tabulated by Gabriel et al. [37]. 
When ε′ = (1 + z1) ε′muscle and/or ε″ = (1 + z2) ε″muscle, where z1 and z2 represent errors, 
the maximum and rms errors in the UWB power reflection coefficients were calculated, as shown 
in Fig. A.1. The maximum errors for TM and TE incidence occurred near the Brewster angle and 
at the incident angle of 0°, respectively. While thTM maximum errors near the Brewster angle 
(≈ 82°) were relatively large, the TE maximum errors and the TM and TE rms errors (over the 
incident angle through 0° to 90°) were notably small, when |z1| and |z2| were less than 30%. 
Tolerable margins of error in ε′ were smaller than those in ε″. When ε′( f ) = (1 + z3 g( f )) ε′muscle( f ) 
and/or ε″ = (1 + z4 g( f )) ε″muscle( f ), where g( f ) = (( f – 6.85 GHz) / 3.75 GHz); namely the curves 
for ε′ and/or ε″ crossed those for ε′muscle and/or ε″muscle, and the resulting errors in the UWB 
reflection coefficients were almost negligible when |z3| and |z4| were less than 30%. 
Next, the distortions of UWB waveforms reflected from a planar infinite medium with 
errors in ε&  were evaluated. The incident waveform was a Gaussin modulated impulse, as shown 
in Fig. 2.4. Representative correlation coefficients between the reflected waveforms from the 
medium with and without errors in ε&  are shown in Fig. A.2. The correlation coefficients were 



















Fig. A.1.  Errors in plane-wave UWB power reflection coefficients from planar infinite homogeneous media with 
errors in ε&  : maximum errors: (a) TE and (b) TM incidence; and rms errors: (c) TE and (d) TM incidence. 
 
 






























































Fig. A.1.  Continued. 
 
  

















































































|z1| > 0 andz2 = 0
|z1| < 0 andz2 = 0
z1 = 0 and |z2| > 0
z1 = 0 and |z2| < 0
|z1| > 0 and |z2| < 0




Examples of Propagation Losses along 
the Center Axes of the Human Body 
 
This chapter describes frequency- and time-domain propagation losses along the center 
axis of the human torso. Figure B.1 presents the propagation losses corresponding with the 
measured positions. The UWB propagation losses werecalculated by Eq. (4.1), and listed as 
follows: 
・ In the case of n = 0 
UWB propagation loss [dB] 
 Room A Room B Room C Room D Room E 
NLOS 81 70 70 57 51 
LOS 59 60 59 49 46 
 
・ In the case of n = 1 
UWB propagation loss [dB] 
 Room A Room B Room C Room D Room E 
NLOS 79 70 69 57 51 
LOS 54 55 49 45 45 
 
・ In the case of n = 2 
UWB propagation loss [dB] 
 Room A Room B Room C Room D Room E 
NLOS 76 70 66 55 50 
LOS 42 56 42 42 43 
 
・ In the case of n = 3 
UWB propagation loss [dB] 
 Room A Room B Room C Room D Room E 
NLOS 81 68 66 49 51 




・ In the case of n = 4 
UWB propagation loss [dB] 
 Room A Room B Room C Room D Room E 
NLOS 74 64 64 56 53 
LOS - - - - - 
 
・ In the case of n = 5 
UWB propagation loss [dB] 
 Room A Room B Room C Room D Room E 
NLOS 74 65 65 54 52 
LOS 28 35 35 37 34 
 
・ In the case of n = 6 
UWB propagation loss [dB] 
 Room A Room B Room C Room D Room E 
NLOS 78 63 63 54 52 
LOS 43 51 39 48 45 
 
The UWB propagation losses decreased with the decreasing room volume regardless of the 
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Fig. B.1.  Propagation losses at the front (NLOS) and the back (LOS) bodies on the center axes: (an) Tx and Rx 
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Reception Power Versus Occupied 
Bandwidth 
 
 UWB transmission is expected to alleviate the frequency variation in reception power. 
In this chapter, UWB propagation losses around the human body were characterized in 
comparison with narrowband. The UWB propagation loss was calculated by integrating the 
power frequency response from 5.35 to 8.35 and 3.1 to 10.6 GHz, and continuous wave (CW) at 
6.85 GHz was extracted therefrom. The spatial distributions of CW (6.85 GHz), and UWB (5.35 
to 8.35 and 3.1 to 10.6 GHz) propagation losses in the five environments are shown in Figs. C.1 
and C.2. The performances of the propagation loss were as follows: 
In the case of LOS: 
• In Room A (a radio anechoic chamber), the maximum, minimum, and median propagation 
losses of CW differed to within 2 dB in comparison with UWB (5.35 to 8.35 and 3.1 to 10.6 
GHz). 
• In Rooms B to E (multipath environments), while CW generated dead spots at several points 
caused by multipath, UWB yielded no dead spots. 
In the case of NLOS: 
• In Room A, CW resulted in more than 90-dB propagation loss at several points. The 
maximum propagation losses for UWB (5.35 to 8.35 and 3.1 to 10.6 GHz) were 86 and 
81 dB, respectively. 
• In Rooms B to E, while CW generated dead spots at several points caused by multipath, 
UWB yielded no dead spots. 
 Next, fading depth versus frequency bandwidth at the deepest dead spot in each room 
was derived from the measured data, as shown in Fig. C.3. The center frequency was fixed at 
6.85 GHz and the bandwidth changes at 0.5 (from 6.6 to 7.1), 1 (from 6.35 to 7.35), 1.5 (from 6.1 
to 7.6), 3 (from 5.35 to 8.35), and 7.5 (from 3.1 to 10.6) GHz. The 7.5-GHz bandwidth 
propagation loss was set to the 0-dB reference. The wid r bandwidth yielded higher reception 
power regardless of the room volume, or whether the propagation was NLOS or LOS. In [62], 
fading depth was also evaluated. The center frequency was fixed at 6.85 GHz and the bandwidth 
changes at 0.01, 0.02, 0.05, 0.1, 0.15, 0.5, and 1 GHz. The wider bandwidth also yielded higher 
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reception power. These results indicated that UWB technologies are advantageous over 














Fig. C.1.  Spatial distributions of UWB propagation l sses for LOS in the five environments: (a) CW (6.85 GHz), (b) 
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Fig. C.2.  Spatial distributions of UWB propagation l sses for NLOS in the five environments: (a) CW (6.85 GHz), 
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